In this work, we investigate the degenerate heavy Higgs bosons in the Next-to-Minimal Supersymmetric Standard Model (NMSSM) by introducing vector-like particles. Such an extension is well motivated from the top-down view since some grand unified theories usually predict the existence of singlet scalars and vector-like particles at weak scale. Under the constraints from the LHC and dark matter experiments, we find that (1) the null results of searching for high mass resonances have tightly constrained the parameter space; (2) two degenerate heavy singlet Higgs bosons h 2 and a 1 can sizably decay to χ 0 1 χ 0 1 invisibly. Therefore, search for the monojet events through the process gg → h 2 /a 1 (→ χ 0 1 χ 0 1 )j may further test our scenario at the future LHC.
I. INTRODUCTION
Weak-scale supersymmetry (SUSY) resolves several problems in the Standard Model (SM), most notable of which is the gauge hierarchy problem [1] , i.e. the difference between the electroweak scale and the Planck mass. A consequence of this theory is that the supersymmetric particles and the Higgs bosons should exist with masses typically less than 1
TeV. In fact, the discovery of the 125 GeV Higgs boson [2, 3] If the boundary scale is low, the additional contributions from the heavy quarks to m 2 Hu is welcome to successfully trigger the EWSB. The vector-like particles, which will not spoil the chiral structure of the MSSM, are the most natural extensions. Similar reasons hold for the NMSSM. So, we introduce vector-like particles in the NMSSM and allow them to couple with the singlet field.
In the NMSSM [5] , the singlet field S is introduced to account for the notorious µ-problem [6] . After the EWSB, two singlet-like Higgs bosons (one is CP-even, the other is CP-odd) are obtained in the limit of small λ. Since the two singlet-like Higgs bosons are usually related, they may become degeneracy in certain limit, which has not been studied in the literatures.
In this work, we investigate the degenerate heavy singlet-like Higgs bosons in the NMSSM with vector-like particles in the LHC and dark matter experiments. This paper is organized as follows. In Sec. II, we extend the NMSSM by introducing vector-like particles. In Sec.
III we scan the parameter space and present the numerical results. Finally, the conculsion is given in Sec. IV.
II. NMSSM WITH VECTOR-LIKE PARTICLES
In the NMSSM, a singlet field S with coupling SH u H d is introduced and the µ-term is dynamically generated when S develops a vacuum expectation value (vev). In addition, the little hierarchy problem of the MSSM can be relaxed by the extra tree-level contributions to the SM-like Higgs boson mass. The Higgs superpotential of the NMSSM is given by [5] ,
where λ and κ are dimensionless parameters. Then, a vev s of S of the order of the weak or SUSY breaking scale generates an effective µ-term with
which solves the µ-problem of the MSSM. The full tree-level Higgs potential can be written as
where A λ and A κ are the corresponding trilinear soft breaking parameters. To clearly see the properties of the Higgs sector, we expand the neutral scalar fields around the vevs as
Substituting Eq. (4) into Eq. (3), we can obtain the tree-level mass matrix squared M 2 S for the neutral Higgs bosons as
P ij are given by [7] 
with
Here, it should be noted that the mass parameter M A in the NMSSM can become the mass of the pseudoscalar Higgs boson only in the MSSM limit (λ, κ → 0 with the ratio κ/λ fixed).
In the NMSSM, M A can be traded by the soft parameter A λ .
The CP-even and CP-odd Higgs mass eigenstates h i (i = 1, 2, 3) and a i (i = 1, 2) can be respectively obtained by diagonalizing M 
Here the elements of the rotation matrices satisfy the following sum rules
The mass eigenstates h i and a i are aligned by the masses
respectively. The singlet components in a physical Higgs boson h i (a i ) are determined by the rotation matrix elements O is (O ′ is ). We introduce the vector-like top, bottom, and lepton multiplets X ti /Y ti , X bi /Y bi , and X li /Y li with the gauge symmetry in Table I , where the subscript i denotes the generation of vector multiplets. In order to forbid the mixing between vector fermion and SM fermion, we also introduce a discrete Z 2 parity, with vector particles carry −1 and others carry 1.
Then, the Z 3 invariant superpotential of the vector multiplets is
All other terms are same as in the NMSSM. For simplicity, we assume a common coupling λ V and corresponding soft breaking parameters for all of the vector multiplets. The corresponding soft SUSY breaking terms are given by
Then we have the Dirac fermion
The coupling of h iV V interaction is proportional to λ V O 3i . The mass matrix of the vector particle in the basis of ( X * , Y ) T is given by (contribution from D-term
After diagonalizing Eq. (20) to mass eigenstate (Ṽ 1 ,Ṽ 2 ) T by the rotation matrix L, we have the coupling of H iṼjṼ * k in the mass eigenstates as
In the end, the newly introduced free model parameters are
III. NUMERICAL RESULTS AND DISCUSSIONS
The new vector-like particles can contribute to the effective potential, which will significantly change the Higgs mass matrix and the loop-induced Higgs couplings, such as hgg and hγγ. At one-loop, their contributions are given by
where i denotes the mass eigenstate, n i depend on the color and spin of the mass eigenstate, and M 2 i are the field-dependent masses. We modify the the package NMSSMTOOLS [8] to include the contributions of the vector-like particles. Then we scan the parameter space of our model in the following range 0.0 < λ, κ < 0.7, 1.0 < tan β < 15.0, 100GeV < µ < 400GeV, 0 < A λ < 3TeV,
The soft mass parameters for the first two generation squarks and the sleptons are set to 2
TeV and other corresponding trilinear mass parameters are taken to zero. We also assume the gluino mass parameter M 3 = 3 TeV to satisfy the LHC bound. The generation of vector-like particles are chosen as 3. In the scan, we take the two singlet-like CP-even and CP-odd Higgs bosons masses in the range of 700 GeV-800 GeV for example and impose the following constraints: (2) In order to obtain a stable color vacuum, the bilinear part need to be positively definite and the trilinear terms cannot be too large: [14, 15] and tt at the LHC Run-1.
(5) Since the LSP masses can be lighter than m h 2 /a 1 /2 GeV, the Higgs bosons h 2 and a 1 can invisibly decay to the LSP, which will lead to the monojet signature gg → h 2 /a 1 (→ χ 0 1 χ 0 1 )j. We require our samples to satisfy the CMS monojet limit on the invisible decay [13] at 8 TeV LHC.
We calculate the production cross section of gg → h 2 , a 1 at the 13 TeV LHC by using the package HIGLU [18] with CTEQ6.6M PDFs [19] . We take the renormalization and factorization scales as µ R = µ F = m S /2. We also include a K-factor (1 + 67α s /4π) [20] in the calculation of the decay width of S → gg.
In Table II , we present a benchmark point that can successfully explain the diphoton excess under the constraints (1)- (5) . From this table we can see:
• The lightest CP-even Higgs boson h 1 is SM-like.
• The total decay widths of the CP-even and CP-odd singlet-like Higgs bosons are 12.8
GeV and 14.6 GeV, respectively.
• The dominant decay mode of h 2 is h 2 → gg, while a 1 mainly decays to χ
• The production cross sections of gg → h 2 and gg → a 1 can reach 6.9 pb and 7.7 pb, respectively. The branching ratios of h 1 (a 1 ) → γγ are about 0.022%. Then, the total production rate of the diphoton can be 3.22 fb.
In Fig.1 , we plot the surviving samples on the plane of λ V versus A V . All the samples satisfy the constraints (1)-(5). From Fig.1 we can see that when the Yukawa coupling λ V becomes smaller, the trilinear parameter A V should be larger and the higgsino mass µ tends to be lighter. Otherwise, the large λ V and A V will overly enhance the diphoton production rate and are disfavored the LHC data. The favorable ranges of λ V and v S are 4.4 − 5.8 and 170GeV − 225GeV, respectively.
Due to the light LSP and higgsinos, the two degenerate heavy Higgs bosons h 2 and a 1 can decay to χ 0 1,2,3 and χ Fig. 2 we present the decay branching ratios of h 2 and a 1 . It can be seen that both h 2 and a 1 dominantly decay to χ 
IV. CONCLUSIONS
We studied the degenerate heavy Higgs bosons in the NMSSM by introducing vector-like particles. In our model, the decays of h 2 (a 1 ) → γγ are dominated by the vector-like squarks with small singlet vev v S , which can also enhance the production cross section of gg → h 2 /a 1 .
Under the current LHC constraints and the dark matter detection limits, we scanned the parameter space and found that such a scenario has been stringently constrained by the null results of the LHC searches for heavy mass resonances. We also noticed that the two heavy Higgs bosons h 2 and a 1 have sizable invisible decay branching ratio h 2 (a 1 ) → χ for Excellence in Particle Physics (CCEPP).
